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Wave Reflection from Natural Beaches 

Todd L. Walton Jr.' 

INTRODUCTION 

Wave reflection from beaches is a subject of major importance to understanding 

the nearshore zone and to improving coastal structure design. The level of energy 

flux dissipation that occurs on a beach is dependent on the magnitude of the wave 

reflection from the beach. Thus, in an indirect manner, wave reflection influences 

many coastal processes such as runup which, in turn, determines coastal design 

criteria such as the height of a seawall or flood protection dune. 

Much information on reflection comes from limited laboratory and theoretical 

studies based on monochromatic water wave theory. Miche(l951) proposed a semi 

empirical criterion for prediction of wave reflection from sloped structures for the 

case of monochromatic incident waves in which limited energy dissipation occurred. 

Miches' (1951) results have been shown to be a reasonable "rough" approxirna- 

tion for monochromatic waves incident on some structure slopes (Ursell, Dean, and 

Yu(1960), Battjes(l974), Guza and Bowen(1976)). Moraes(1970) performed exten- 

sive small scale laboratory tests on monochromatic wave reflection from both smooth 

and rough slopes with the mildest slope being 1 on 10. Battjes(l974) later used 

the Moraes(l970) data set to derive a semiempirical expression for reflection coef- 

ficient based on Miches7(1951) work with added independent assumptions. Seelig 
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and Ahrens(l981) further refined the Battjes(l974) reflection coefficient expression 

by empirical curve fitting. 

Reflection from natural (mild, rough, non-linear in profile) beaches under irregular 

wave action is considerably more complex and little is presently known concerning 

such processes. To date, measurements of wave reflectiolo coefficients from beaches 

have been made primarily via measurements in the nearshore zone, typically using 

either a best fit of the standing wave amplitude pattern to produce a composite 

reflection coefficient (Suhayda(1974)), or using linear long wave theory to calcu- 

late the composite reflection coefficient (Takezawa et a1.(1988)) or to calculate the 

frequency dependent reflection coefficient (Tatavarti et a1.(1988)). Debate in the 

literature has existed as to whether the observed phenomenon is truly reflection (i.e. 

standing waves) or cross shore spatial amplitude variability due to edge wave effects 

(Guza(1974)). 

An important question that remains to  be answered is whether the reflected wave 

energy from a beach is an important component of energy flux from an engineering 

point of view. For example, if nonlinear interaction within the surf zone cascades 

energy down the spectra toward lower frequencies as suggested by a red shift of en- 

ergy in the nearshore spectra seen in many studies (Guza and Thornton(l989), Elgar 

and Guza(1985), and Freilich and Guza(1984)), the question arises as to whether 

a significant amount of this energy escapes from the surf zone in an offshore direc- 

tion. If significant amounts of energy are found to be escaping from the surf zone 

in an offshore direction then actual energy available for surf zone processes such 

as set up and runup might be considerably less than what is typically assumed in 

engineering calculations as the incident wave energy. The present paper reports on 



an attempt to address this issue via separation of the measured wave field at an 

offshore pressure-velocity sensor gage into incident and reflected wave energy at two 

field sites. 

STUDY LOCATIONS 

The two sites a t  which offshore wave information and beach profile information 

were collected are shown in Figure 1. The first site to be addressed is Duck, N.C. 

on the Outer Banks of the North Carolina coastline. The Duck site is in the mid- 

dle of an approximately 100 km uninterrupted stretch of barrier island exposed to 

the Atlantic Ocean. Duck was the site of a major nearshore hydrodynamics and 

sediment transport field experiment in October 1986 (Birkemeier et a1.(1989)). The 

primary extent of the experiment was within the property limits of an Army Corps 

of Engineers Field Research Facility at Duck. The beach at this site has a steep 

foreshore with an average slope of 1:10 while the offshore contains a bar feature 

with varying amplitude and position on the nearshore profile depending on the wave 

climate. The grain size characteristics of the beach typically exibit bimodality with 

sands predominantly ranging from 0.15 to 0.30 mm in size and coarse shell fractions 

ranging predominantly from 0.5 to 3 mm in size. Numerous oceanographic instru- 

ments were deployed offshore in an attempt to  obtain a quality data set for better 

understanding of nearshore processes and hydrodynamics. In particular, the present 

analysis is based on data from a pressure sensor and bidirectional orthogonal axis 

electromagnetic current meter that was contained on a tripod located on the sea bed 

in approximately 6.5 meters of water depth about 500 meters south of a research 



pier and approximately 500 meters offshore. The pressure sensor was located on the 

tripod approximately 1.45 meters above the sea bed while the current meter sensor 

ball was located on the tripod 1.71 meters above the sea bed. One channel of the 

bidirectional current meter was directed in the onshore- offshore direction while the 

other channel of the current meter was orthogonal to the first channel and oriented 

in the longshore direction. The instrument collected continuous data  (pressure=p, 

velocity =u,v) a t  sampling increments of 0.5 seconds for 238 minutes, four times per 

day for a two week period during October 1986. The puv records were further bro- 

ken down into 34 minute records for time series processing, although two continuous 

records of 136 minutes in length were also investigated. Further details on the puv 

instrument, the data collection, the instrument location, and beach characteristics 

a t  the site are given in Birkemeier et a1.(1989). The primary records analyzed for 

the present study consist of data from a storm event with offshore significant wave 

heights exceeding 3 meters that occurred during the period October 10-14, 1986. 

Wave height, period, and direction during the time period of interest are given in 

Table 1 adopted from Birkemeier et a1.(1989). The method of wave direction analy- 

sis for this gage is discussed in Grosskopf(1981). The azimuth angle of the offshore 

perpendicular to the beach is approximately 70 degrees true north, the same angle 

as the wave direction approach during the latter portion of the storm, thus, the pre- 

dominant wave direction was approximately perpendicular to the beach during the 

period of interest. The predominance of waves in a cross shore direction is confirmed 

by the comparison of cross shore velocity variance to the variance of the alongshore 

velocity component a t  the gage site. In all cases analyzed, the ratio of alongshore 

velocity variance to  cross shore velocity variance was less than 15 percent and mean 



alongshore current was less than 0.11 m/sec. 

The second site to  be addressed is Ocean City, Md. where the first phase of a major 

beach nourishment project was completed in October 1988. Beach characteristics 

of the pre and post fill project are discussed in Hansen(l989). During the study 

period the beach directly landward of the offshore sensor site had a relatively steep 

nearshore slope of approximately 1:15 out to about 5 meters of water depth and a 

mild offshore slope approximately 1:150 in the deeper water offshore. The grain size 

characteristics of the beach show predominantly quartz sands ranging from 0.150.3 

in grain size (see Hansen(1989)). During the pre and post nourishment phases of this 

beach nourishment project a bottom resting tripod containing a pressure sensor and 

a bidirectional orthogonal axis electromagnetic current meter was collecting wave 

and current data a t  sampling intervals of 1 second with continuous data records of 

17 minutes every 1 to 4 hours. The tripod location was approximately 900 meters 

offshore of the mid portion of Ocean City beach (83rd Street) in approximately 10.8 

meters of water. The pressure sensor on the tripod was 0.20 meters above the sea 

bed while the current sensor ball on the tripod was 0.46 meters above the sea bed. 

One channel of the bidirectional cusrerit meter was directed in the onshore-offshore 

direction while the other channel of the current meter was orthogonal to the first 

channel and oriented in the longshore direction. During the period of 21-23 May 

1990, a strong weather system moved in over the area of concern creating significant 

wave heights greater than 1.6 meters offshore of the beach. The data to be discussed 

in the following sections is from this period in time. Wave height, period, and direc- 

tion during this study period is shown in Table 2. The azimuth angle of the offshore 

perpendicular to the beach is approximately 90 degrees true north. The method 



of wave direction analysis for this site is discussed in Grosskopf(l981). The pre- 

dominant wave direction for the records subsequently analyzed was approximately 

perpendicular to the beach. The predominance of waves in a cross shore direction 

was confirmed by comparison of the alon&hore velocity variance to the cross shore 

velocity variance. In all cases analyzed, the ratio of the alongshore velocity variance 

to the cross shore variance was less than 30 percent and mean alongshore directed 

velocity a t  the gage site was less than 0.2 m/sec. 

METHODOLOGY 

In the present case, long crested waves are assumed traveling in an onshore direc- 

tion (i.e. toward the beach) as shown in Fig. 2. The surface elevation for strictly 

onshore directed waves can be described as a summation of waves of various inci- 

dent amplitudes and phases wlaere one such frequency wave component is defined a t  

location x to be of the form: 

where a, = 2rfm = radial frequency, f, = wave frequency for given frequency com- 
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ponent m, k,= wave number, and aE= incident wave amplitude. The superscript 

"in" refers to the wave approaching toward the beach (see Fig. 2). The incoming 

phase a t  x = 0, t = 0 has been assumed equal to zero without loss of generality. 

At the beach a portion of the wave energy is "reflected" resulting in an outgoing 

wave train surface elevation defined for one frequency component as: 

where a phase change t, between incident and "reflected" waves has been assumed 



for generality. In the present situation the term "reflected" is used in a general 

manner to specify the existence of a partially standing wave field offshore. The 

outgoing wave component a t  a given frequency may be either a direct reflection 

of the incoming wave train from the beach at the input frequency, or, a free wave 

created within the surf zone via  non-linear interaction of incident waves and then 

reflected from the beach or directly generated in an outgoing direction by surf zone 

forcing in some manner (see for example Symonds et a1.(1982)). The "reflection" 

coefficient can be defined for this one component (one frequency) wave system as: 

The water surface elevation for a composite sum of waves at harmonic frequencies 

can be defined in terms of a finite Fourier series as: 

where a term for the mean water surface ( n  = 0 component) h a s  been included. 

Utilizing the notation for a lag domain discrete Fourier transform series (DFT) as 

per Borgman(l973): 

with 

X, = X ( n A f )  

and the frequency domain discrete Fourier transform series (DFT) as: 



the water level surface elevation for the composite incident and reflected wave train 

series can be written as: 

N-P i2lrmn nn = ~ ( t a  A t )  = C ( ~ 2  exp( 
m=O 

(8) 

where A 2  and A:' are the complex amplitudes of the incident and reflected waves 

at frequency component m. 

The bottom pressure as recorded by a subsurface pressure sensor for one wave fre- 

quency component (incident and reflected) is given by (Dean and Dalryrnple (1984)) 

as: 

~ ( n  At)  = pgK,,17(n A 1) (9) 

with 

where p = density of seawater,g =acceleration of gravity,h = water depth,sp = 

height of pressure sensor above the sea bed, and lCpm is often referred to  as the 

dynamic pressure response factor for a given frequency component m. 

For a wave train made up of a number of wave frequency harmonic components, 

the pressure time series can also be written in a similar manner to that of surface 

elevation as follows: 

The water wave particle velocity in the onshore-oRshore direction as recorded by a 

subsurface current meter for one wave frequency component is given by (Dean and 



Dalrymple (1984)): 

-., -# 

u(nAt )  = C,I<,~ c o s 8 , ( o ~ c o s ( k , ~ Z - ~ . , n A t ) - a ~ ~ c o ~ ( k , ~ ~ + ~ ~ ~ A t + ~ ~ ) )  

(12) 

with 8, being the wave direction for a given frequency component as defined in Fig. 

2, and where: 

with s, = height of velocity sensor above the sea bed. 

For a wave train made up of a number of wave frequency components the onshore- 

offshore velocity time series can also be written in a similar manner to that of surface 

elevation as follows: 

N-P i2.lrmn 
u,, = u(n A t )  = o,4Twmk cos B,  (A$ exp( ---- 

N 
) -A" e e n p ( F ) )  A f (14) 

In a similar manner the lag: domain discrete Fourier transform series of the mea- 

sured pressure and velocity values can be defined as: 

and 

m=o 

Equating frequency component terms of the lag domain DFT series, the following 

equations for the complex amplitude pressure and velocity terms can be found as: 

and 



Using the above two equations, the compllex wave amplitudes Afi of the incoming 

wave train and Agt  of the outgoing wave train can be found as: 

and 

In the above equations the sensitivity of the incoming and outgoing wave train 

complex amplitude modulus to the direction of the incoming and outgoing wave 

train is seen to be relatively small by virtue of the cos 8, term in the denominator 

of the velocity frequency domain term. It is also noted that if the wave velocity 

component is assumed to be in the onshore--offshore direction, the complex inbound 

amplitude is mimimized while the outgoing wave train complex amplitude coefficient 

is maximized, thus maximizing computed reflection. 

In the present context, the spectral energy content of a signal can be defined as the 

modulus squared divided by the record length (Borgman(l973)), hence the incident 

and "reflected" spectral energy for a given frequency component f = m A f = & 

are given as: 

and 
out 2 

out - I Am I 
S,  - N A t  

The frequency dependent reflection coefficient can be defined as: 



the ratio of the outgoing wave train complex amplitude modulus to the incoming 

wave train complex amplitude modulus in the situation where incident energy is 

greater than "reflected" energy, or, in an ad hoc manner as  the inverse of Equation 

23 with a negative sign in the situation where there is more outgoing "reflected" 

wave energy than incoming "incident" wave energy. 

As a check of the reasonableness of a linear wave theory relationship between the 

pressure and velocity signals, the coherency squared can be compared with a value 

of 1.0 suggesting a perfect linear relationship in the case of "smoothed" coherency 

estimates (Bendat and Piersol (1986)). The coherency squared for the pressure and 

velocity signals is defined as (Bendat and Piersol (1986)): 

with 

I u m  l 2  
s u u ,  = ---- N A t  

the spectra of the onshore-offshore velocity component signal, and 

the spectra of the pressure signal, and 

the cross spectra of Lhe velocity and pressure signals, where the quantity ( )* rep- 

resents the complex conjugate of the argument in parenthesis. 



RESULTS 

A short segment of the measured thirty four minute records of pressure head (me- 

ters of water) and onshore- offshore velocity component (m/sec.) are shown in Fig- 

ures 3a and 7a for the Duck, N.C. site for the record periods beginning 0028 October 

11,1986, and 0614 October 11,1986. Coherence estimates between the pressure and 

velocity signals for the same time periods (thirty four minute records) as computed 

via Equation 24 with smoothed spectral estimators are shown in Figures 3b and 7b. 

As expected, there is a high degree of coherence for the two signals. Smoothed spec- 

tral energy of measured pressure head Spp and onshore-offshore velocity component 

S,, for the two time periods are shown in Figures 4 and 8. Smoothed spectral energy 

content of incident wave train water surface elevation Sm and of "reflected" wave 

train water surface elevation S O u t  as computed via Equations 21 and 22 are shown 

in Figures 5 and 9. Reflection coefficient computed fromi the smoothed ingoing and 

outgoing wave train is shown as a function of frequency in Figures 6 and 10. 

The frequency plots have been smoothed by dividing record lengths into 8 sub- 

records, removing the mean of the subrecords, calculating spectra of the subrecords, 

and then averaging energy content within frequency bins therefore providing an 

equivalent of 16 degree of freedom smoothed spectral estimators (Bendat and Pier- 

sol(1989)). In the computation of the incident and reflected wave trains a high fre- 

quency cutoff of 0.25 hertz was utilized to prevent amplification of noise due to the 

hydrodynamic damping factors in the denominators of Equations 19 and 20. Plots 

of both Sin and SOUZ, the spectral energy estimates of the incident and reflected 

wave train elevations, show dashed curves above and below the average frequency 



content of the signals representing one root mean square error from the average as 

defined by Bendat and Pierso1(1989), Chapt. 9, pg. 295. Maximum reflection over 

frequency bands with significant energy content where coherence is high show reflec- 

tion to be less than ten percent suggesting that reflected energy from the beach is 

less than one percent of the incident energy. Note that reflection plots are scaled on 

the vertical scale from 1 to -1. This scaling was used to allow for the possibility of 

"reflected" energy greater than "incident" energy as perhaps via nonlinear energy 

transfer within the surf zone of beaches and generation of outgoing energy via some 

mechanism as discussed in the previous section. In the case of "outgoing" energy 

greater than "incoming9' energy, the inverse of Equation 23 is utilized to calculate 

the reflection coefficient and an ad hoc "negative" reflection coefficient terminology 

is adopted. This ad hoc "negative9' reflection coefficient terminology allows for the 

possibility of energy shifts to tower frequency within the surf zone and movement 

of this energy back offshore. If such terminology were not adopted, the previous 

scenerio would lead to possible "infinite" reflection coefficient (i.e. finite outgoing 

long wave energy in numerator with zero incident energy in denominator) via the 

standard reflection coedfacient definition of Equation 3. 

Records from the Duck site were analyzed a t  3 hour intervals over a three day 

period during the storm a t  Duck with similar results, i.e. no apparent reflected 

energy of important magnitude. For the two time periods shown, a record length of 

136 minutes was also analyzed and results were found to be very similar to that shown 

for the shorter 34 minute records. There was an absence of any long wave energy of 

significance in either the incident or reflected wave trains, a t  least a t  periods shorter 

than the longest record length analyzed (=I36 minutes/8 = 17 minutes). It should 



be noted that the present analysis does not preclude the possible existence of either 

standing edge or progressive edge waves but does suggest for this data set that the 

beach provides a near total energy dissipator from a two dimensional standpoint. 

The results of the analysis confirm the time plots of Fig. 3a and 6a which lack any 

suggestion of reflected wave energy in the time series. 

Plots similar to the above Duck site plots for the Ocean City site are shown in Figs. 

11 thru 18 for the two record periods beginning 0400 May 22, 1990, and 1600 May 

22, 1990. In the Ocean City case the records were 17 minutes long and frequency 

plots were smoothed by dividing record lengths into 4 subintervals, removing the 

means of the subintervals, calculating spectra of the subintervals, and averaging 

energy content within frequency bins, providing an equivalent of 8 degree of freedom 

smoothed spectral estimators. A high frequency cutoff of 0.25 hertz was also utilized 

for the Ocean City data for the seasons discussed in the preceeding analysis of the 

Duck data. Again, dashed curves in the incident wave train spectra sin and reflected 

wave train spectra S O U t  plots provide a plus or minus one root mean square error 

from the averaged spectral energy. 

Upon analysis the Ocean City spectral plots of incident and reflected wave train 

elevation spectral energy also show a lack of significant "reflected" wave energy and 

consequent low reflection coefficient in the energy bands of significance. Records 

from the Ocean City site were analyzed at  3 hour intervals during the period 21 

May thru 23 May 1990 and were found to be similar to the plots shown above (i.e. 

no significant wave reflection). 

CONCLUSIONS 



The present study has been a first attempt to look a t  the importance of wave 

"reflection" from beaches. Additionally the method of analysis utilized in the present 

study albws for the possibility of "oukgoing/reflected" energy to be larger than the 

"incoming/incidentfl energy. In the two data sets discussed, "reflection" did not 

appear to be a sagnificant engineering consideration in a two dirnensional perspective. 

Trapped energy phenomenia such as edge waves were not investigated in the present 

analysis. 

Although definitive conclusions cannot be made from such limited analysis of the 

data, it appears that a reasonable first approxi~nation to engineering coastal phe- 

nomenia can consider natural beaches to be effective energy dissipators, a t  least in 

the cross shore direction. 
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Table 1: PiJave Climatology - Duck, N.C. 

dim* 
[meters] 

2.5 
2.6 
2.6 
2.8 
2.9 
3.0 
3.1 
3.0 
3.1 
3.1 
3.3 
3.2 
3.3 
3.4 
3.1 
3.2 
3.1 
3.2 
3.1 
3.4 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.3 
3 . 2  
3.0 
3.3 
3.0 
2.9 
2.8 
2.8 
2.9 
2.9 
2.8 
2.7 
2.8 
2.7 
2.7 
2.6 
2.7 
2.5 
2.3 
2.3 
2.4 

- 
Wave Direction 

[degrees] 
50 
5 1 
51 
54 
53 
52 
56 
5 3 
5 8 
60 
58 
64 
61 
62 
63 
63 
65 
62 
63 
66 
69 
67 
65 
6 2 
69 
75 
72 
73 
72 
74 
74 
74 
76 
73 
74 
73 
73 
73 
75 
76 
74 
76 
74 
7 3 
7 5 
7 5 
77 
73 



Table 2: Wave Climatology - Ocean City, Md. 

Date/Time PI,, T Wave Direction 
[meters] [sec.] [degrees] -- 

May 21,1990 1600 .97 4.3 66 
May 21,1990 1700 
May 21,1990 1800 
May 21,1990 1900 
May 21,1990 2000 
May 21,1990 2100 
May 21,1990 2200 
May 21,1990 2300 
May 22,1990 0000 
May 22,1990 0100 
May 22,1990 0200 
May 22,1990 0300 
May 22,1990 0400 
May 22,1990 0500 
May 22,1990 0660 
May 22,1990 0700 
May 22,1990 0800 
May 22,1990 0900 
May 22,1990 1000 
May 22,1990 1100 
May 22,1990 1200 
May 22,1990 1300 
May 22,1990 1400 
May 22,1990 1500 
May 22,1990 1660 
May 22,1990 1700 
May 22,1990 1800 
May 22,1990 1900 
May 22,1990 2000 
May 22,1990 2100 
May 22,1990 2200 
May 22,1990 2300 
May 23,1990 0000 
May 23,4990 01011 
May 23,9990 0200 
May 23,1990 0300 



CITY, MD. 

N.C. 

FIG. I . SITE MAP OF STUDY LOCATIONS 



BEACH 

FIG. 2. COORDINATE SYSTEM 
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